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Review Article
Pancreatic cancer in young adults - an evolving entity?
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Abstract: The incidence of early-onset pancreatic cancer (EOPC) among young population (<50 years) is rising in
the last decade, with gender, medical overtreatment, and genetic factors as the risk factors in EOPC. Nevertheless,
the role of genetic factors in the development of EOPC needs further exploration since the studies were carried out
with small sample size and ambiguous evidence. Notable, the high incidence of pathogenic germline variant (PGV)
appears to be involved in EOPC. Compared with average-age-onset pancreatic cancer (AOPC), EOPC patients display
a distinctive genomic feature on several well-known tumor suppressor and oncogenic genes including, including
SMAD4, RAS wild wild-type, CDKN2A BRCA1, BRCA2 and FOXC2, which is different from the findings of studies with
AOPC and LOPC, suggesting the dynamic evolving entity of EOPC. In addition, the potential gender-related incidence
found in several countries also suggests the involvement of genetic or socioenvironmental factors in the develop-
ment of AOPC. Therefore, further prospective epidemiological and molecular studies are warranted to elucidate the
shifting epidemiology of this disease and, most importantly, to better exploit the opportunities for the early diagno-
sis of the disease.
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Introduction

Pancreatic cancer (PC) is the 12th most com-
mon malignant tumor and the 7th most com-
mon cause of cancer death [1], posting a con-
siderable economic and social burden with an
annual estimate of death and disability-adjust-
ed life years around 9.1 million worldwide in
2017 [2], due to its extremely aggressive nature
and poor survival situation [3]. Among PC, the
early-onset pancreatic cancer (EOPC), which is
defined as the age at onset <50 years to 55
years, accounts for 5%-12% of all PC diag-
nosed, and its incidence has been rising signifi-
cantly compared to the later onset pancreatic
cancer [4-6].

In this minireview, we have summarized the epi-
demiology trends and the clinical features of
EOPC, as well as have outlined the distinctive
molecular characteristics of EOPC.

Epidemiology features and worldwide trends
of EOPC

According to the US cancer statistics between
1995-2014, among the 12 obesity-related can-
cers in young adults (<50 years), the incidence
of the 6 gastrointestinal tract-related cancers
including PC has increased significantly in
young generation [6]. PC is one of the main rea-
sons of cancer-associated death and is predict-
ed to be the second leading cause of cancer-
associated death in the United States by 2040.
It is projected that about 62,210 cases, includ-
ing 32,970 men and 29,240 women in the US,
will be diagnosed with pancreatic cancer with
about 49,830 deaths (25,970 men and 23,860
women) in 2022 [7]. There has been a study
using the data from the GLOBOCAN database
to estimate the PC incidence and mortality in
184 countries and to evaluate the change in
age-standardized rate (ASR) of incidence or
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mortality associated with 1% increase of a cer-
tain risk factor of pancreatic cancer. The results
show that for individuals younger than 50 years,
the Average Annual Percent Change (AAPC) of
pancreatic cancer is increased in 8 countries:
Germany, Sweden, the Netherlands, the United
Kingdom, Canada, Czech Republic, Turkey, and
Australia. Similar patterns are also observed in
individuals younger than 40 years, in which the
AAPC of pancreatic cancer increased in 4 coun-
tries: Netherlands, Canada, France, and the
United Kingdom, respectively. Strikingly, a sig-
nificant increase in the incidence of EOPC is
observed in women compared with men in the
same age group in 5 countries (Austria, the
Czech Republic, Germany, the Netherlands,
and the UK). The authors have further analyzed
the lifestyle and metabolic risk factors that are
associated with the incidence and the mortality
of pancreatic cancer for each country in detail
and found that the high prevalence of smoking,
alcohol drinking, physical inactivity, obesity,
and hypertension, as well as the high level of
cholesterol contribute to the higher incidence
and mortality [8].

Clinical characteristics and risk factors of
EOPC

Notably, women are more susceptible than
man to develop EOPC. A significant increase in
AAPC occurs among women with EOPC (1.93%,
95% Cl: 1.57%-2.28%, P<0.001) compared to
that in men (0.77%, 95% Cl: 0.50%-1.05%,
P<0.001) with unequal trends (P=0.002).
Women at 35-54 or 15-34 years show higher
increasing rate of the disease than men [9].
Compared to that of LOPC, the annual age-
adjusted incidence rate (AAIR) of EOPC increas-
es greatly in females. In addition, the patients
of EOPC experience a higher burden of pancre-
atic cancer, with more frequency of surgery
although the treatment of radiation and chemo-
therapy is similar [10].

Importantly, it should be noted that the current
therapeutic approach for local-regional stage
disease mismatches with the standard treat-
ment guidelines for pancreatic cancer. Com-
pared with average-age-onset pancreatic can-
cer (AOPC), more chemotherapy (38% vs. 29%),
surgery (9% vs. 6.9%), chemoradiation (12% vs.
9.2%), and multimodal treatment (21% vs. 15%)
have been applied to patients with EOPC. In
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contrast to 39% of patients with AOPC who
receive no treatment, only 19% of patients with
EOPC receive no treatment. However, regard-
less of treatment or without treatment, the
overall survival of patients with EOPC is better
than that of patients with AOPC across all stag-
es of the disease [11]. Furthermore, smoking
and heavy drinking have been confirmed to be
correlated with the development of EOPC.
Compared with late-onset pancreatic cancer
(LOPC, >50 years old), patients with EOPC show
more advanced TNM stage and higher neutro-
phil-to-lymphocyte ratios. In addition, the pa-
tients of EOPC are more likely to have hepatic
metastases than patients with LOPC (42% vs.
23%, P=0.015), although the survival outcom-
es are similar between EOPC and LOPC. For
patients with metastatic lesions, combination
chemotherapy regimens are considered as the
first-line treatment and are frequently applied
to the treatment of patients with EOPC than
LOPC patients (79% vs. 64%, P=0.028) [12].

Another clinical feature of patients with EOPC is
the lack of significant involvement of genetic
factors, in contrast to familial pancreatic can-
cer and hereditary pancreatic cancer syn-
dromes. Patients with familial pancreatic can-
cer or hereditary pancreatic cancer syndromes
are more likely to gradually evolve as pancreat-
ic cancer at very early age [13, 14]. According to
an analysis of 1954 patients with pancreatic
cancer, patients who have alcohol intake of
>26 grams/d, tobacco exposure, obesity, and
diabetes are markedly correlated with the high-
er incidence of EOPC [15].

Genomic perspectives of pancreatic cancer

It has been well documented that many path-
ways containing mutated genes are correlated
with the development of pancreatic cancer,
including ROBO/SLIT, TGF-B, KRAS, WNT,
NOTCH signaling pathway, G1/S transition,
chromatin, SWI-SNF modification, RNA pro-
cessing, and DNA repairing. The subtypes of
expression analysis include squamous tumors,
pancreatic progenitor, immunogenic, and aber-
rantly differentiated endocrine exocrine (ADEX)
that are associated with histopathological ch-
aracteristics. Importantly, TP53 and KDMG6A
mutations are enriched in squamous tumor,
which upregulates the TP63AN transcriptional
network and determinates the hypermethyl-
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ation of genes in pancreatic endodermal cells,
leading to poor prognosis. On the other hand,
some genes are preferentially expressed in
patients with pancreatic cancers during the
early development of pancreas, such as
FOXA2/3, PDX1, MNX1. ADEX reveals that
these genes regulate the networks related to
KRAS activation, exocrine, and endocrine dif-
ferentiation. In addition, the immune networks
of immunogenic tumors are able to regulate sig-
naling pathways that contribute to immune sup-
pression [16].

Moreover, chromosomal rearrangements re-
sulting in the functional disruption of genes are
common in pancreatic cancer. Among these
genes, TP53, SMAD4, CDKN2A, ARID1A, RO-
BO2, and novel candidate driver genes for pan-
creatic cancer, including KDM6A and PREX2,
have been identified with a high frequency of
mutation. Besides, focal amplifications are also
detected in tumor samples, many of which har-
bor druggable oncogenes, including ERBB2,
MET, FGFR1, CDK6, PIK3R3, and PIK3CA,
although a low level of expression is found in
individual patient [17].

Genomic landscape of EOPC

Pancreatic ductal adenocarcinoma (PDAC) is
characterized by substantial genomic hetero-
geneity. For example, SMAD4 is frequently
mutated in younger patients resulting in the
dysregulation of the TGFB signaling activity. In
addition, high phospho-GSK3 level is also
observed in patients with EOPC. However, no
survival differences are observed between the
different age groups. In contrast to AOPC,
somatic gene variations in unique cellular path-
ways are frequently observed in patients with
EOPC [18]. Notably, there is no difference in
key driver genes such as KRAS, TP53, and
CDKN2A, as well as the global methylation pro-
filing between the AOPC and the late-onset
PDAC, although the late-onset PDAC shows
some features related to the age, such as the
characteristics of enriched DNA repair gene,
upregulation of oxidative stress defenses, and
the improvement of proteome carbonylation
[19].

Another study has also identified some molecu-
lar characteristics of EOPC. The results show
that 31.9% patients have a pathogenic germ-
line variant (PGV), while 27.5% patients harbor
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modifications on cancer susceptibility genes.
Among PGV, BRCA1 (27.2%), BRCA2 (27.2%),
PALB2 (9.1%) and CHEK2 (9.1%) are the most
common PGVs. Interestingly, for patients who
tested for PGVs, 27.5% of patients display a
high and moderate penetrance. This study also
demonstrates a higher incidence of RAS wild-
type in EOPC (15.9%) and a lower incidence of
RAS wild-type in AOPC (5.4% in MSK total
cohort, <10% in TCGA cohort) [20].

Furthermore, a bioinformatics analysis and the
correlation with genomic and transcriptomic
data have been carried out on the 269 ad-
vanced and 277 resectable PDAC tumor sam-
ples, in which the frequency and the expression
patterns of somatic gene mutations that are
commonly involved in PDAC, EOPC and all other
groups are compared. Biallelic CDKN2A muta-
tion is identified as the distinctive pattern in
patients of EOPC. In addition, an increased
expression of FOXC2, as well as the specific
association between FOXC2 and EMT signaling
pathways are also identified as the distinctive
molecular features of EOPC [21].

As shown in Tables 1 and 2, we have summa-
rized the information of pathogenic germline
variant (PGV) in EOPC from previous publica-
tions and identified RAS wild wild-type, CDKN2A
and SMAD4 are the most distinctive molecular
features of EOPC (Tables 1 and 2). However,
previous studies have reported that the most
frequently mutated genes are BRCA1 (29/128)
and BRCA2 (5/127), while the second most
common mutations are detected in the MMR
genes, such as MLH1 (2/33), MSH2 (3/34)
and MSH6 (2/33) [22]. Other muted genes
such as TP53 (2/35), CDKN2A (1/37), and
STK11 (1/33) have also been identified. Hence,
these researches suggesting that EOPC as an
evolving entity, unique characteristics of patho-
genic germline variant (PGV) of EOPC was com-
pletely distinguished with LOPC and AOPC.

Distinctive genomic feature and targeted
therapy

Kirsten rat sarcoma virus (KRAS) mutations are
present in approximately 90% of pancreatic
ductal adenocarcinoma [16, 17]. The common
types of KRAS are on exon 2 codons 12 and 13
with relative frequency of 71-80% [23, 24] and
mostly located at G12C, G12D and G12R in
pancreatic cancer [25, 26]. No significant dif-
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Table 1. Pathogenic germline variant (PGV) in EOPC

CKDN2A, a tumor suppressor gene

involved in the pathway that inhib-

its the cell cycle at the G1 check-

Authors EOPC
Sample Pathogenic germline variant
Raffenne J, et al [19] 2021 53 KRAS: 90.5% (48/53)

TP53: 69.8% (37/53)
CDKN2A: 20.7% (11/53)
SMAD4: 9.4% (5/53)
KRAS: 83.3% (36/44)
BRCA1: 27.2% (12/44)
BRCA2: 27.2%

PLAB2: 9.1%
CHEK2: 9.1% (4/44)
CDKN2A: 6.8% (3/44)
KRAS: 78.8% (92/117)

SMAD4: 18.6% (21/117)

CDKN2A: 85.0% (99/117)

Varghese AM, et al [20] 2021 44

Tsang ES, et al [21] 2021 117

(
(

12/44)
4/44)

point [30, 31]. CKDN2A encodes
the protein p16 (INK 4a), which
acts as a cell cycle regulator, be-
longs to the cdkn2 cyclin-depen-
dent kinase inhibitor family, is one
of the crucial defenses against
cancer development in number of
human cancers (Figure 2). Loss of
p16 (INK 4a) leads to cell immor-
talization, usually caused by hyper-
methylation of CDKN2A promoter.
The inactivation of p16 (INK 4a) in
endothelial cells specifically causes
defects in motility, morphogenesis

Table 2. Comparison of the genomic land-
scape between EOPC and LOPC [19]

) EOPC
Mutations (n=53) LOPC P
KRAS n=(%) 48 (90.5%) 81 (91%) 0.832

TP 53 n=(%) 37 (69.8%) 63(70.8%) 0.946
CDKN2A n=(%) 11(20.7%) 14 (15.7%) 0.594
SMAD4 n=(%) 5(9.4%) 22(24.7%) 0.043

ferences observed in frequency in EOPC verses
LOPC. KRAS protein is a small membrane-
bound GTPase (GTP hydrolase), acting as a
switch for a multitude of cellular signaling path-
ways (Figure 1). The balance between nucleo-
tide hydrolysis and exchange determines the
levels of active KRAS in cells. Bound to GDP,
KRAS is in an “OFF” state. Upon GDP to GTP
exchange, usually in response to growth fa-
ctors and facilitated by guanine-nucleotide
exchange factors (GEF) such as SO0S1/S0S2,
KRAS cycles to its activated “ON” state. KRAS
activates effector pathways, including the
MAPK and PI3K pathways, to promote cellular
proliferation and survival [27]. The latest re-
search identified that sotorasib, a KRAS G12C
inhibitor, showed anticancer activity and had
an acceptable safety profile in patients with
KRAS G12C-mutated advanced pancreatic
cancer who had received previous treatment
[28]. Adagrasib, an another KRAS G12C inhibi-
tor, demonstrated encouraging clinical activity
and is well tolerated in this rare cohort of pre-
treated patients with KRASG12C-mutated solid
tumors [29].
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and cytoskeletal organization [32].
The latest study found that Biallelic
CDKN2A mutation is identified as the distinc-
tive pattern in patients of EOPC [21]. Targeting
different proteins in this pathway has been
investigated and its clinical results will be pub-
lished in the near future.

FOXC2, an oncogenic transcription factor cor-
related with many different cancers. The real
situation of FOXC2 mutations in pancreatic
cancer still to be validated. Its role in pancreat-
ic ductal adenocarcinoma is upregulating and
enhancing growth and migration of cancer cells
[33]. It interacts with beta-catenin and promote
cell growth by activating beta-catenin/T-cell
factor 4 signaling pathway (Figure 1). The beta-
catenin/T-cell factor 4 interaction may serve as
a therapeutic target for future drug develop-
ment [34]. FOXC2 upregulation was associated
with EOPC cohorts had been identified in new-
est research [21].

SMAD4 is an important tumor suppressor gene
that is found to be inactivated in approximately
50% of pancreatic cancers and has been linked
to a more aggressive clinical outcomes [35-
38]. Apart from its role as tumor suppressor, it
also acts as regulators of TGF-3 pathway (Figure
1). In EOPC cohorts, SMAD4 serves as regula-
tors of this pathway, it forms as complex after it
is activated by a TGF-B protein. When SMAD4 is
mutated, the cell proliferation process is left
unchecked and rapid cell growth follows. Pre-
vious analyses have demonstrated that pa-
tients with EOPC had higher mutations rates of
SMAD4 than those with LOPC and target thera-
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Figure 1. Promising targets and therapeutic inhibitors in pancreatic cancer.
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Figure 2. Diagrammatic representation of the in-
volvement of p16 (INK 4a)/CKDN2A in cell cycle
regulation. Abbreviations are as follows: CDK, cyclin-
dependent kinase; PCNA, proliferating cell nuclear
antigen; Rb, retinoblastoma gene product; E2F, tran-
scription factor; P, phosphate.
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py associated with SMADA4 still to be explored
[19].

BRCAZ1/2 are tumor suppressor genes that are
well known for their role in breast and ovarian
cancers. They have also been described in pan-
creatic cancers. Pathogenic BRCA2 and BRCA1
mutations are found in approximately 2%, and
<1% of pancreatic cancers, respectively [39-
41]. BRCA genes are critical in DNA repair path-
ways, particularly in homologous recombina-
tion, which has a serious impact on genomic
stability and can contribute to cancerous cell
proliferation. However, BRCA1 also plays a fun-
damental role in cell cycle checkpoint control,
ubiquitination, control of gene expression, and
chromatin remodeling, while BRCA2 also plays
a role in transcription and immune system
response (Figure 3). Therefore, mutations in
these genes lead to multiple defects in cells
that may be utilized when treating cancer [42-
44]. However, other studies have found no sig-

Am J Cancer Res 2023;13(7):2763-2772



Pancreatic cancer in young adults

Unrespaired SSB Ly

l Double Strand Brerak |

|

‘ PLAB2
BRCA1 BRCA2
P * 0 A
Ligase Il DNA polp XRCC1 ’ .; —

KU 70/80 DNA-PK l l

| CHEK2 j—»- «—| CHEK1

Single Strand Break

PARP ) ——— |

Non-homologous end joining

Base excise repair Homologous Recombination

MSH2 MSH6

\\ ——  MLH ] PMS2

Mismatch Repair l

EXO1

Figure 3. DNA damage repair mechanisms. Single-strand break (SSB) repair: PARP1 detects single-strand DNA
breaks and facilitates the formation of a negatively charged, branched polymer that recruits XRCC1, Ligase 3, and
DNA POL B to the site of damage for ligation and repair. Inhibition of PARP1 at this stage leads to an accumulation of
SSBs that ultimately results in DSBs. Double-strand break (DSB) repair: nonhomologous end joining-DNA ends are
bound by Ku proteins, which are stabilized by PARP1, and form the DNA-PK (DNA-dependent protein kinase) com-
plex following recruitment of DNA-PKcs (catalytic subunit of DNA-PK). XCCR4 and Artemis are recruited, which sta-
bilize and recruit other repair factors to the site of damage. Homologous recombination: damage is detected by the
MRN complex, which recruits and activates ATM. ATM can activate the PALB2, BRCA1, and BRCA2 complex, ATR, or
CHEK2, depending on cell cycle phase. RAD51 is activated and conducts a search for a homologous template used
for repair, which activates other factors necessary for repair. Ultimately, P53 is stabilized by either CHEK1 or CHEK2
and proofs the repair. Mismatch repair: a MSH2/MSHG6 heterodimer recognizes and localizes mismatched base pair
errors and forms a complex with MLH1 and PMS2. PARP, poly (ADP-ribose) polymerase; PARPi, PARP inhibitor; DNA
polB/d/e, DNA polymerase beta/delta/epsilon; XRCC1, X-ray repair cross-complementing protein 1; DNA-PKcs, DNA-
dependent protein kinase catalytic subunit; KU 70/80, a.k.a XRCC6/5 (X-ray repair cross-complementing protein
6/5); ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3-related.

nificant increase in BRCA1/2 mutations among
EOPC cohorts when compared to those with
LOPC [18]. The primary PARP inhibitor recom-
mended by the National Comprehensive Can-
cer Network (NCCN) for BRCA-mutated pancre-
atic cancer is olaparib [45]. Rucaparib is anoth-
er PARP inhibitor that is currently approved for
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ovarian and prostate cancer, tested as mainte-
nance therapy in BRCA mutants [46]. Veliparib
is another PARP inhibitor that recently showed
promise in advanced BRCA-mutated ovarian
cancer when combined with first-line chemo-
therapy, significantly increasing PFS [47]. AZD
5305 is a novel, highly selective PARP inhibitor
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currently being tested in the ongoing phase I/
lla PETRA trial (NCT0O4644068) [48].

Given the poor prognosis of pancreatic cancer,
it is critical to identify unique features of EOPC
that may lead to the identification of new mo-
lecular targets and the development of new
therapeutics.
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